analysis of time and frequency domain patterns. Tachycardia detection by impladtable antitachycardia devices using rate alone has major limitations. Several alternative methods have bden proposed to distinguish ventricular tachycardia or ventricular fibrillation from normal sinus rhythm using intracardiac electrograms. These methods have not been tested, however, for recognition ofventticular tachycardia in patients with abnormal surface QRS conduction during sinus rhythm or with antiarrhythrnic drug therapy. In this study, three techniques for the indentification of ventricular tachycardia from intracavitary bipolar ventricular electrograms were examined and compared: correlation waveform analpsis, amplitude distribution analysis, and spectral analysis using Fast Fourier transformation. Thirty episodes of induced monomorphic ventricular tachycardia were analyzed and compared sinus rhythm in four groups of patients with: 1. Normal surface QRS conduction during sinus rhythm without antidrrhythmic drug therapy [five episodes); 11. Intraventricular conduction delay or bundle branch block during sinus rhythm without antiarrhythmic drug therapy [nine episodes); III. Normal surface QRS conduction during sinus rhythm with antiarrhythmic therapy (six episodes); and N. Intraventricular conduotion delay or bundle branch block during sinus rhythm with antiarrhythmic drug therapy (ten episodes). Correlation waveform analysis had 100% sensitivity and specificity in distinguishing ventricular tachycardia from sinus rhythm, even in the presence of an intraventricular conduction delay, bundle branch block, and antiarrhythmic drug therapy. In contrast, amplitude distribution analysis differentiated 15/30 episodes (50.0%) ofventricular tachycardia from sinus rhythm, and a maximum of 18/30 episodes (60.0%) of ventricular tachycardia were identified by specal analysis using Fast Fourier transformation. Correlation waveform analysis appears to be a reliable technique to discriminate ventricular tachycardia from sinus rhythm using intracavitary ventricular electrograms. Its computational demands are modest, making it suitable for consideration in an implantable antitachycardia device.
Introduction
taker ~oundaiion, NSF -grants NO. rate,"' determination of a tachycardia rate and duration which exceed an arbitrarily defined and observation of a stable RR interval during the tachycardia.Vdditiona1 methods suggested for determining the site of tachycardia origin have utilized differences in the intracavitary ventricular electrograms recorded during sinus rhythm and ventricular tachycardia from bipolar electrode leads positioned in the right ventricular apex. These latter methods have considered the ventricular electrogram amplitude and slew rate,' gradient pattern analysis,' power spectrum analysis using Fast Fourier transf~rmation,~ probability density function," the area of difference between waveforms recorded during sinus rhythm and ventricular tachycardia," electrogram morphology,1z and multiple electrodes. 13 While some of these methods have been useful in detecting the occurrence of ventricular tachycardia in patients having a normal electrocardiographic QRS complex during sinus rhythm, they have not been uniformly reliable.14.'5 Their reliability has not yet been tested in patients with a wide-QRS during sinus rhythm due to an intraventricular conduction delay or a bundle branch block. The impact of antiarrhythmic drug therapy upon electrogram analysis for the detection of ventricular tachycardia has also not been determined.
In this study, we evaluated a new method for identifying ventricular tachycardia from intracavitary, bipolar ventricular electrograms using a correlation method of waveform analysis. A similar method has been traditionally applied to waveform analysis of surface electrocardiog r a m~. '~-~~ We also compared its reliability to that of amplitude distribution analysisz0 and power spectrum analysis in identifying ventricular tachycardia in the presence or absence of antiarrhythmic drug therapy in patients having either a normal surface electrocardiogram QRS, an intraventricular conduction delay, or bundle branch block during sinus rhythm.
Methods
secutive patients undergaing evaluation and treatment for documented episodes of sustained ventricular tachycardia having a duration of at least 30 seconds or causing hernodynamic collapse. There were 13 men and 5 women of ages 14 to 83 years. There was clinical evidence of structural heart disease in 17 patients: 15 patients had ischemic cardiomyopathy, ane patient had a congestive cardiomyopathy due to hypertension, and one patient had valvular hgart disease. One patient had no clinical evidence of heart disease.
Electrophysiology Study
Patients were studied in a fasting postabsorbtive state after sedation with 1-3 mg of intravenous medazolam. After administering 1% lidocaine for local anesthesia, three 7 French sidearm sheaths (Cordis Cor@oration, Miami, FL, USA) were positioned in the right femoral vein using the Seldinger technique. During baseline studies without antiarrhgthmic drug therapy, three 6 French quadripoliir electrode catheters with an interelectrode distance of 1 cm (USCI division, C.R. Bard Inc. Billdrica, MA, USA) were introduced and advanced under fluoroscopic guidance to the high right qtrium, tricuspid valve (for His bundle recording),, and right ventricular apex ~~espectively. After cdmpletion of atrial programmed stimulation, the right atrial electrode catheter was securely positioned in the right ventricular apex and remained fixed in this position for the duration of the study. Ventricular electrograms were recorded from this catheter during sinus rhythm, programmdd ventricular stimulation, and induced ventriaular tachycardia. Sus-. tained ventricular tachycapdia was induced using a previously described prbtocol for programmed ventricular ~t i m u l a t i o n .~' During subsequent electropharmacological te$ting of antiarrhythmic: drugs, two quadripolar electrode catheters were positioned in the right ve*tricular apex with one catheter being used only for the recording of ventricular electrograms dulting sinus rhythm and induced ventricular tachycardia. 
Methods of Analysis
The surface 12-lead electrocardiographic recordings during sinus rhythm were examined for the presence of intraventricular conduction delay, right bundle branch block, or left bundle branch block, defined as having a QRS duration 20.12 seconds and a morphology conforming to the criteria of Marriott." Paired data sets, consisting of 10-second passages of both sinus rhythm and ventricular tachycardia from the same patient, were digitized for computer analysis. There were five paired data sets (sinus rhythm vs ventricular tachycardia) from five patients with a normal QRS during sinus rhythm and no antiarrhythmic drug therapy (Group I), nine paired data sets from eight patients with an intraventricular condution delay or bundle branch block during sinus rhythm without antiarrhythmic drug therapy (Group 11), six paired data sets from five patients with a normal QRS during sinus rhythm with antiarrhythmic drug therapy (Group 111), and ten paired data sets from eight patients with an intraventricular conduction delay or bundle branch block during sinus rhythm with antiarrhythmic drug therapy (Group IV).
Three digital signal processing methods were applied to each paired data set to determine whether ventricular tachycardia could be distinguished from sinus rhythm: (1) correlation waveform analysis, (2) amplitude distribution analysis, and (3) power spectrum analysis.
Correlation Waveform Anallysis
A statistical measure of the difference between two curves was applied for correlation waveform analysis. A stan~dard equation for the correlation coefficientz3 was used to detect morphological changes in the ifitracavitary ventricular electrograms during ventricular tachycardia when compared to the electrograms during sinus rhythm.
A template of the ventricular electrograms during sinus rhythm was obtained by signal averaging the ventricular depalarization waveforms from a passage of sinus rhythm to produce a representative waveform. A wandow size of 64 milliseconds was selected for the ventricular depolarization resulting in 64 sample points obtained at a 1000 Hertz sampling rate. In a second analysis of the same sinus rhythm data set, ventricular waveforms with a correlation coefficient of 20.90 with the representative waveform were retained in the residual average and the remaining waveforms, representing ventricular pliemature depolarizations during sinus rhythm, were rejected. This revised representative waveform then constituted the sinus rhythm template for comparison of subsequent waveforms during sinus rhythm and ventricular tachycardia. A secand, separate passage of sinus rhythm and a pa$sage of ventricular tachycardia were then correlated on a beat-bybeat basis using the sinus rhpthm template as the reference.
The following equation was used to calculate the correlation coefficient:
Where M = tlhe window size of the ventricular depolarization Ti = the ith sample point in the sinus rhythm template Xi = the ith sample point of the ventricular depolarization being examined pT = mean of sinus rhythm template PX = mean of the ventricular depolarization being examined where +1 indicated a perfect match. Figure 1 shows an example of correlation values of intracavitary ventricular electrograms in sinus rhythm and in ventricular tachycardia, respectively, with the sinus rhythm template. The correlation coefficient was used for discriminating beats in sinus rhythm from beats in ventricular tachycardia.
Amplitude Distribution Analysis
Amplitude distribution analysis was performed by examining the signal amplitude distribution within each cardiac cycle of a passage of intracavitary ventriculad electrograms during sinus rhythm and ventricqlar tachycardia. This is a digital method patterned after a hardware technique developed by Mirowski et al.lD for the commercially available automatic implantable cardioverter-defibrillator, and has also been called probability density function. It is based upon the premise that the amount af time which is spent at baseline in each cardiaq cycle is significantly longer during sinus rhyth* than during ventricular tachycardia or ventricplar fibrillation.I5
A cardiac cycle was defined to be a sequence of sarnple points extending from the midpoint be-tween two ventricular depolarizations to the next sequential midpoint. The total peak-to-peak amplitude of each cardiac cycle was divided into 30 equivalent amplitude subranges. Each sample point from the cardiac cycle whose amplitude fell within one of the subranges was counted and later plotted on an amplitude histogram. The isoelectric baselines of sinus rhythm and ventricular tachycardia were defined as the five amplitude subranges within a cardiac cycle which centered on the subrange with the greatest number of sample points. Normalization for differing heart rates was achieved by dividing the total number of sample points in each subrange by the total number of sample points in each cardiac cycle.
Ten second passages of sinus rhythm and ventricular tachycardia were compared using the assumption of amplitude distribution analysis (probability density function) that a significantly greater percentage of sample points occur on, or near, the isoelectric baseline during sinus rhythm than during ventricular tachycardia.
Spectral Analysis
Power spectral analysis was applied to a typical ventricular depolarization during sinus rhythm passage and a typical ventricular depolarization during ventricular tachycardia in each of the paired data sets. The mean was subtracted from the ventricular depolarization to eliminate DC offset. Templates were smoothed using a Hamming window to avoid the introduction of spurious high frequency artifact which results in abrupt truncation of the data with rectangular w i n d o~s . '~ The smoothed templates were padded with zeroes to form 1024-point data arrays to enhance resolution. A digital Fourier transform was then performed. The 1024-point power spectrum of each ventricular depolarization waveform pattern was calculated with a resultant frequency resolution of 0.98 Hz.
Three classification techniques utilizing spectral analysis were examined. The first classification technique of spectral analysis examined the peak frequency component with the highest power as one feature to distinguish sinus rhythm from ventricular tachycardia. This classification scheme was based on the premise that ventricular depolarization during sinus rhythm would exhibit faster conduction with higher frequency components than ventricular depolarization during vemtricular tachycardiia. The second classification technique of spectral analysis examined the magnitude of the balhdwidth having 3 dB points as limits. This classification scheme was based on an assumption that one of the two rhythms might have a wider spectrum of frequencies than the other. The third classification technique of spectral analgsis compared the cutoff frequency during sinus Iihythm versus ventricular tachycardia, defined as the frequency limit below which 95% of total power is contained. This technique was based an the assumption that one of the two rhythms mjght have more power over a wider range of frequpncies than the other.
Results from the processing of the thirty paired data sets are presentdd for each of the three analysis methods. Table 1 summarizes patient characteristics and the acduracy of each of the three detection algorithms for patients with normal and abnormal surface electrocardiographic QRS cc~nduction during sinbs rhythm in the absence of antiarrhythmic dtug therapy. Table I1 summarizes the data for patients receiving antiarrhythmic drug therapy.
Correlation Waveform Analysis
Coirrelation waveform Bnalysis was successful in discriminating all vdntricular depolarizations during ventricular tachycardia from both normal and abnormal veritricular conduction during sinus rhythm usin$ a linear boundary placed between 0.855 and 0.074 with a sensitivity of 100% and specificity of 100% (Fig. 2) . This method was also successful in discriminating ventricular tachycardia from sinus rhythm during antiarrhythmic drug therafly with amiodarone, flecainitle, quinidine, and prbcainamide. The dramatic change of morphologp of ventricular activation upon initiation of ta$hycardia was easily detected by correlation of t6e ventricular waveform with the sinus rhythm itemplate. (Fig. 3) 
Amplitude Distribution Analysis
Amplitude distributiod analysis discriminated 15 of 30 episodes (5d.0%) of ventricular 
The results show that correlation waveform analysis can distinguish ventricular tachycardia fw patients without antiirrhythmic drug therapy with 100% accuracy. The other two methods, amplitude distriqtion analysis and spectral analysis, cannot distinguish ventricular tachycardia from sinus rhythm with 100% accurqcy for all patients.
Abbreviations: + = the two rhythms can be separated with 100% accuracy; -= the two rt/ythms cannot be sep&ated with 100% accuracy; ADA = amplikrde distribution analysis; CAD = coronary art4ry disease; CWA = correlation coefficient waveform analysis; CL = cycle length; HTN = hypertension; I = inferid axis; IND = indeterminant; Iso = isoelectric axis; IVCD = intraventricular conduction delay; LBB = left bundle brbn~h morphology; LBBB = left bundle branch block; RBB = right bundle branch morphology; RBBB = right bundle branch block; S = Superior axis; SA = spectral analysis (cutoff frequency).
tachycardia from normal sinus rhythm. It identified four/five episodes (80.0%) of ventricular tachycardia in group I, three/nine episodes (33.3%) of ventricular tachycardia in group 11, three/six episodes (50.0%) of ventricular tachycardia in group 111, and five/ten episodes (50.0%) of ventricular tachycardia in group IV. The classification scheme required that the entire passage of sinus rhythm had a baseline percentage in a range well separated from that in ventricular tachycardia. Passages in which an overlap of ranges occurred were classified as a failure to discriminate between sinus rhythm and ventricular tachycardia since no threshold existed which provided complete separation. (Fig. 4) 
Spectral Analysis
Using peak frequency to differentiate sinus rhythin from ventricular kachycardia, the peak frequency of sinus rhythm was greater than the peak frequency of ventricular tachycardia in 11 of 30 paired data sets (36.7%), was the same as the peak frequency of ventricqlar tachycardia in 9 of 30 paired data sets (30.0%)1, and was less than the peak frequency of ventricq'lar tachycardia in 10 Figure 5 shows two examples of power spectral plots of ventricular depolarization during sinus rhythm and ventricular tachycardia in the same patient, with and without antiarrhythmic drug therapy.
Discussion
Using correlation waveform analysis, a single discriminant function was successful in distinguishing ventricular tachycardia from sinus rhythm with 100% accuracp in patients with normal or aberrant surface electrocardiographic QRS conduction during sinus rhythm, in the absence and presence of antiarrhytbrnic drug therapy. In contrast, 15/30 episodes (50%) of ventricular tachycardia were identified using amplitude distribution analysis, and a rngximum of 18/30 episodes (60%) of ventriculer tachycardia were identified using spectral analysis with Fast Fourier transformation. he correlation waveform method has been assouiated with some modest cornputational complexity but is capable of execution in real time1' making it feasible for use in an implantable antitachycardia device.
Antitachycardia devices currently available utilize a preprogrammed minimum rate as the essential means of detecting tthe onset of a pathologic tachycardia.'-' However, complications may occur when increases in the sinus rate or parox- ysmal occurrences of other arrhythmias, which exceed the preprogrammed minimum detection rate, are misdiagnosed as the pathological tachycardia and result in programmed stimulation and possible initiation of a pathological tachycardia by the tachycardia-terminating device.I4 In other cases, a spontaneous occurrence of ventricular tachycardia may fail to be detected and treated by the tachycardia-terminating device because the rate of the ventricular tachycardia is slower than the preprogrammed minimum detection rate.15 Other commercially available tachycardia-terminating devices have utilized additional rate criteria su~ch as analysis of onset or sustained high rate.',' These criteria havd not proven to be uniformly reliable, especially when the pathological tachycardia occurs paroiysmally during sinus tachycardia, or when sinbs tachycardia follows termination of the pathological tachycardia by the tachycardia-terminati@g device.
Correlation Coefficient Waveform Analysis
The implantable cadioverter defibrillatoldesigned by Mirowski has utilized the combination of amplitude distribution analysis (probability density function) with a minimum detection rate for the detection of ventricular fibrillation. This method utilizes thd striking absence of a PANEL A without drugs) and Panel B is from a patient in group R (intraventricular conductioh delay during sinus rhythm without drugs). Differences in waveform morphology, when ventricular tachycardia is compared to sinus rhythm. are apparent fmm the tracings. Correlation coeficbnts are given below each ventricular depolarization. Chart speed is SO mm/sec. peak at amplitude zero in the differentiated signal current ventricular fibrillation. In many cases, as a means of distinguishing ventricular fibrillathe activity peak of ventricular tachycardia may tion from other arrhythmias and sinus rhythm.
occur at amplitude zero, resulting in failure to However, this combination of detection criteria detect the presence of ventricular tachycardia by has had limited applicability for patients having probability density function?' recurrent ventricular tachycardia as well as reIn the present study amplitude distribution analysis was found to be effective in the identification of ventricular tachycardia for the patients with normally conducted sinus rhythm without antiarrhythmic drug therapy, but not for the patients with a n abnormal conduction system, especially those with intraventricular conduction delay, bundle branch block, and antiarrhythmic drug therapy. Changes in amplitude distribution as a result of an intraventricular conduction delay, bundle branch block, or antiarrhythmic drug therapy appears to have resulted in a smaller percentage of time spent on or near the baseline during sinus rhythm whem compared to ventricular ta.chycardia in these groups [Tables I and ISI. Since performance in patbents with normal ventricular conduction duriqg sinus rhythm was acceptable, and the time rdquired to calculate the distritbution was less thaa that required to calculate a correlation coefficient for a similar cycle, amplitude distribution analysis may provide a valid alternative for the patients with a normal conduction system when speed and simplicity are essential. None of the three techniques of spectral analysis using Fast Fourier transformation produced a distinct discrimination function suitable for all groups of patients. Because ventricular depolarization using the His-Purkinje system during sinus rhythm is faster than ventricular depolarization during ventricular tachycardia, more high frequency components with higher powers were anticipated to be seen in sinus rhythm than in ventricular tachycardia. However, the results suggest that this may not be always true, whether or not there may be abnormal QRS conduction during sinus rhythm.
Limitations
Our investigation was an acute study which utilized temporary irnplgntation of electrode catheters having 1 cm intedelectrode spacing. The results of a similar investigation may or may not differ with chronically implanted electrode catheters having similar, wider, or more narrow inter-. electrode spacing.
Our investigation demonstrated correlatiorl waveform analysis to be consistently reliable in The peak frequency content ofthe depolarization waveform fiom each ofthe two rhythms has been plotted as a percent of thelpower. Identification of ventricular tachycardia has been based on the .hypothesis that slower conduction (i.e. widened waveforms) during ventricular tachycardia result in a shift of peak frequency to a lower value than that observed during sinus rhythm. However, whereas sinus rhythm hw a higher peak frequency than ventricular tachycardia in Panel A, the converse is observed in Panel B. No consistent pattern is present in the differences in bandwidths having 3 dB points as limits, or in the cutoff frequency, to distinguish sinus rhythm fiom ventricular tachycardia.
Wistinguishing ventricular from sinus rhythm in the presence of several antiarrhythmic drugs. Because our investigation utilized acute electrode catheter placement, we were not able to determine whether antiarrhythmic drugs might change the ventricular electrogram template observed during sinus rhythm. Should the template of ventricular activation during sinus rhythm need to be reestablished after administration of antiarrhythmic drugs, an adaptive template method such as is used in surface electrocardiography'' may be appropriate. There were only two patients in this study whose analysis included ventricular tachycardia with a right bundle branch morphology being compared to sinus rhythm with right bundle branch block (Tables I and 11 ). There were no patients in this study whose analysis included ventricular tachycardia with a left bundle branch morphology being compared to sinus rhythm with left bundle branch block. Larger studies incorporating more patients with similar bundle branch morphologies during ventricular tachycardia and sinus rhythm mby be necessary to determine whether correlation waveform analysis remains consistently reliable in distinguishing ventricular tachycardia frbm sinus rhythm in these two subsets of patients.
Further Study and Future Improvement of Ventricular Tachycardia Nagnosis By Antitaczhycardic Devices
It remains to be determined whether correlation waveform analysis will be helpful in distinguishing ventricular tach~ycardia from other tachycardias in the subset of patients who develop aberrant ventricular depolarization during sinus or other, supravent$cular tachycardias. Nonetheless, the establishment of a reliable means of detecting real-time changes in ventricular electrogram morphology by the present study provides an important first sqep toward the goal of improved tachycardia diagnbsis by an antitachy-cardia device. Preliminary work suggests that reliable, real-time, beat-to-beat analysis of cardiac rhythms may be possible w h e n based u p o n correlation waveform analysis of atrial a n d ventricular depolarizations, determination of t h e time intervals between successive atrial depolarizations a n d ventricular depolarizations, respectiveIy, a n d determination of t h e time interval between successive atrial a n d ventricular d e p o l a r i z a t i~n s .~~.~~
Summary
Correlation waveform analysis appears to be a reliable technique for distinguishing ventricular
